The ESA comet mission Rosetta was launched in early March 2004. The goal of this mission is the rendez-vous with comet 67P/Churyumov-Gerasimenko in 2014. The spacecraft will then accompany the comet towards the sun for about one year. During this close encounter the evolution of the nucleus and the coma will be monitored and analyzed. One of the instruments on board is the Comet Pressure Sensor. Two gauges are integrated in the sensor, which allow the measurement of the dynamic pressure and the total neutral particle density in the cometary coma. From these measurements the expansion velocity of the coma can be derived. Starting shortly after launch during a time period of about 2 years several tests and background measurements of the total particle density in the vicinity of the spacecraft have been made. Some data were collected during the Rosetta thruster firing cycles which show a huge pressure increase during thruster operation by several orders of magnitude above the background pressure. 
The COPS instrument operates also as a safety device for the ROSINA mass spectrometers and for other pressure sensitive instruments on-board Rosetta. At high pressure values or at high pressure gradients a warning signal is distributed to the other instruments. Fig. 1 shows the Rosetta spacecraft with the instrument platform on top. COPS and DFMS are mounted on this instrument platform, whereas the RTOF sensor is integrated closer to the rear edge of the spacecraft. Only the attraction grid of the ion source is visible in Fig. 1 . The numbered items are some of the Rosetta thruster pairs.
Please note the close proximity of thruster 1 to the COPS instrument.
Most of the time during the commissioning phase of the ROSINA instrument package COPS was running in a monitoring mode measuring the total particle density. Early in the mission (May 24, 2004) there was an opportunity to have COPS running during a Rosetta thruster firing. As this first set of data showed an unexpected high pressure increase which even put the instrument into saturation during the firing sequence it was decided to do some more measurements. Within the next year a total of three more data sets during thruster firing could be acquired. Although the thrusters are equipped with a special shield, designed to minimize contamination via droplets generated by a fuel film on the rim of the thruster nozzle, we could detect a significant gas contamination during the thruster firings.
Chapter II will give an overview of COPS and its operation modes, followed by the presentation of the measurements in chapter III and IV. The experimental data set will be compared to theoretical estimates in chapter V.
II. The Comet Pressure Sensor
A. Instrument Overview housing. The nude gauge is an open source gauge which is used to measure the total particle density. The second gauge, ram gauge, points upwards. On top of a short boom is the equilibrium sphere with a small entrance aperture visible. This gauge measures the ram pressure. Together with the total particle density the coma expansion velocity can be evaluated. A schematic view of the nude gauge together with the applied potentials is given in Fig. 3 . Free electrons are generated with a hot filament (tungsten-rhenium), which are used to ionize the neutral gas particles via electron impact ionization. The ions are then extracted towards the collector cathode and the ion current is measured by a highly sensitive electrometer. Due to non-circular motions of the electrons inside the grid volume the electron impact energy varies between 40 eV to 150 eV. Further details of this instrument including some calibration results can be found in Refs. 1 and 2. The ram gauge will not be further discussed here, as all the presented results are from nude gauge measurements.
COPS can be operated in different sensitivity modes which are defined by the electron emission current and the measurement range of the electrometer. Pressure values between 210 -11 mbar and up to 310 -5 mbar can be recorded. This is achieved by a combination of two electrometer measurements ranges (< 100 pA or < 10'000 pA ion current) and two different electron emission settings, 15 A and 100 A. These electron emission settings are not fixed and could be changed if the necessity arises during the mission. Even a higher emission than 100 A would be possible, but this may shorten the lifetime of the filament. During normal operation COPS acts as a safeguard instrument for the ROSINA mass spectrometers. If the pressure rises above 10 -6 mbar an alarm flag will be set and the Data Processing Unit (DPU) switches the other two instruments off. A second alarm flag will be set if a steep pressure gradient is detected by COPS. The state of these two flags is also distributed on a special data channel to the other Rosetta instruments. If the pressure rises above 10 -5 mbar COPS will be switched off too. After a delay of one hour a switch-on will be tried. During this switch-on a preliminary pressure value at very low electron emission is calculated in order to detect an ongoing high pressure situation and the filament can be switched off again.
B. Data acquisition
Although the generated electron emission and ion currents are continuous the data is polled by the ROSINA DPU in a fixed 2 s time interval. Thereby all instrument housekeeping values are collected and the actual pressure value is calculated. After the electrometer offset correction the particle density is proportional to the ratio of the ion current to the electron emission current. Depending on the operating mode of COPS, the ROSINA DPU calculates a running average over five measured values. This averaged pressure result is then stored in a normal housekeeping package which is reported back to earth once every minute. In the so called science mode no averaging is done and all individual measurements during five minutes are buffered in the DPU memory. This set of 150 data points is then transmitted as a single science packet.
The analog ion current measurements are converted by a 14-bit ADC which allows a maximum resolution of 0.028 pA in the highest sensitivity mode. The electron emission measurements are also converted by a 14-bit ADC with a one bit resolution of 0.0059 A in low emission mode and 0.278 A in high emission mode.
III. Rosetta background pressure
Roughly two weeks after launch COPS was switched on for the first time. The Rosetta background pressure is shown in Fig. 4 . The initial reading was around 210 -9 mbar after settling of the instrument into a stable pressure reading. This pressure dropped during the first year in space to values of ~610 -11 mbar. Simultaneous measurements with the mass spectrometer ROSINA-DFMS showed that the main part of the outgassing is due to water and organics. Please note that the data points in Fig. 4 represent an averaged pressure value taken after COPS has achieved a constant pressure situation. Due to the implementation of a hot filament as the electron source for the impact ionization there is always some outgassing existing when the gauge is switched on. A typical situation is given in 
IV. Thruster Firing Events
A set of reaction wheels inside the Rosetta spacecraft is used for attitude control. This method is preferred over changing the attitude via direct thruster firing because much less vibrations throughout the instrument platform are generated. But about once a week the reaction wheels have to be set to a nominal rotational speed. This is done by a so called wheel offloading sequence which consist of two basic steps: 1) An active phase to spin up or spin down the reaction wheels together with several thruster pulses to balance the torque impulse introduced by the wheels.
2) The damping phase is used to damp out any attitude and rotational speed disturbances and to decide whether the wheels are at their nominal speed or another active step is needed.
The Rosetta spacecraft is equipped with a set of 12 pairs of 10 N thrusters. Eight pairs are mounted on the four spacecraft edges perpendicular to the instrument platform and the remaining four pairs are mounted on the opposite side of the instrument platform. Positions and numbering for some thrusters are given in Fig. 1 During the observed thruster firings only thrusters one to eight have been used and due to geometrical constraints we expect to see a contribution to the pressure increase only from thrusters one to four which are mounted on the same side of the spacecraft as COPS. The contribution should roughly depend on two basic geometrical parameters:
distance r between thruster nozzle and COPS, and the angle  between COPS and the nozzle figure axis. A collection of these values is given in Table 2 for the four closest neighboring thrusters. The relative particle density contribution is assumed to be proportional to 1/r 2 . The major part of the exhaust particle fluence is below an angle of 90 degrees. At high angle values the particle fluence decreases exponentially and drops to zero at around  = 140°.
The dependence of the particlefluence with respect to  will be presented in chapter V. Due to its close proximity to the nude gauge thruster 1 will dominate the contribution to any measurements. Table 2 shows that thruster 1 has the lowest  value and the shortest distance to COPS which results in the highest gas contribution. The products of the relative particle density contributions indicate that thruster 1 should contribute about 95% to the gas contamination. 4.0e-7
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1.6e-6 c) d) up to 3.610 -7 mbar was detected. As the electrometer was measuring in the ion low mode, it was saturated at this point by the ion current. For the other three events COPS was switched to a mode with lower sensitivity. As the electrometer was no longer saturated different peak heights are now visible (see Fig. 6b to d ). In order to analyze some of the measured peaks, spacecraft data about fuel consumption and thruster firing times were extracted from two spacecraft data channels. Unfortunately, the time resolution in this data streams is quite low (between 60 s to 120 s). With this time resolution it is impossible to make a detailed analysis for each thruster pulse.
An example is given in Fig. 7 , showing a superposition of the COPS pressure curve with the firing times of thrusters 1 -4 as vertical step plots. The width of a single step marks the time interval between the S/C data points, in this case 64 s. If the thruster was fired within this time interval the operation time is summed and at the end of the interval the total value is recorded. With access to only this data set it would be impossible to differentiate between a single or multiple firing of the corresponding Rosetta thruster unit. The number of firing cycles for each thruster is counted in another data channel. Therefore it was possible to select the time interval with only one thruster firing pulse for further analysis. In the case where a single pressure peak from a single thruster pulse falls into a spacecraft data report interval a corresponding evaluation was possible. But during intervals where two or more thruster firings occurred an unambiguously analysis was impossible. Within above constraints a data evaluation for only the first pulse in Fig. 7 would be possible. The second pulse consists of more than one thruster operation cycle and the third pulse shows now significant pressure increase in the medium sensitivity mode of COPS. Most probably, this is because only thrusters 2 to 4 were operational.
Within the given constraints an evaluation for eight thruster pulses was possible, which are given in Table 3 . One can see that most events include thruster 1 and only two firings are without thruster 1. Comparing results between these two sets can give an estimate of the ratio between thruster 1 and the others with respect to the contamination.
V. Model calculation A. Correction factors
This chapter compares the measured pressure increases to a model calculation. The pressure values given by the COPS measurements are not real particle densities around the nude gauge during a thruster firing. Because of the following two reasons they represent only a lower limit for the true pressure value:
1. As the thruster burn duration is much shorter than the response time of COPS the measured peak particle density is too low. To correct the results for point 1 an electronic circuit simulation for the COPS electrometer was performed. The measured pressure value in the first case is five times lower compared to the second one. As the relative position of a thruster pulse inside this 2 s time frame is not known, the second correction factor f 2 is somewhere between 1 to 5. The true pressure p f during a thruster firing can be calculated according to the following formula: A collection of the evaluated pressure pulses is given in Table 3 . The measured COPS pressure is given together with the firing times of the contributing thrusters. The factor f 1 has been used to calculate the corrected pressure values, but only with the firing times of thruster 1. Except in the case where thruster 1 was not operational, see pulses 2 and 5 of Fig. 6 (c) in Table 3 . The corrected pressure values for pulses with thruster 1 contribution are similar within a factor of two. If only thruster 2 and 3 are fired the corrected pressure value is lower by a factor of 12 to 20. This is expected as these thrusters are further away from the COPS nude gauge and have larger  values.
According to Table 2 these thrusters contribute 2.5% and 2.9% to the particle density at COPS. 
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B. Comparison of measurements with model calculation
In order to calculate a particle density at the position of the nude gauge of COPS the following assumptions have been made: The thruster exit nozzle acts as a point source for the neutral exhaust gas particles. The Rosetta thruster are bipropellants units which use monomethylhydrazine fuel and mixed oxides of nitrogen as oxidizer. 4 The nominal thrust is 10 N with a flow rate of 3.5 g s , the expansion velocity can be calculated as v ex = 2.78 km s -1 . Superimposed to the spherical expansion is an anisotropic particle fluence which depends on the angle  toward the nozzle figure axis. This anisotropy can be represented by an exponential function. Table 4 The particle density at the position of the nude gauge is determined by the local particle fluence which is the derivative of the cumulative particle fluence with respect to . In order to calculate the derivative the relative cumulative particle fluence has been fitted to an exponential curve: The resulting fit together with the calculated parameters are given in Fig. 10 . Please note that the results given in 
Please note that Eq. (5) calculates the particle fluence through a zone of a sphere centered on the nozzle exit.
Therefore to obtain the particle density, the particle fluence has to be divided by the surface area of the zone S and multiplied by the expansion velocity v ex : 
The calculated particle density and the corresponding pressure value are reported in Table 5 . Calculated pressure for 300 K 6.1×10 -6 mbar
The calculated pressure value shows a good agreement with the corrected pressures measured by the COPS nude gauge. As the model calculation includes only thruster 1, the result is compared to firings where only thrusters 1 or 1+4 were operational. These experimental values are between 5.7×10 -6 mbar to 3.9×10 -5 mbar for the pulses 1( Fig. 6b ) and 1 (Fig. 6d) . For the second pulse one can neglect the contribution from thruster 4 because of the geometry, see also Table 2 . According to this table the particle density ratio between thruster 1 and thruster 4 is about 100 : 1.
Unfortunately, with the recorded firings it is not possible to calculate an experimental value for this ratio. On the other hand comparison between thruster 1 and thrusters 2 and 3 is possible. Comparison between the second pulses from Fig. 6b and Fig. 6c shows a pressure ratio of 18 : 1. This is very close to the prediction calculated from the values of Table 2 , (0.025 + 0.029) -1 = 18.5 : 1. The sum of thruster 2 and 3 was taken as the pulse 2 ( Fig. 6c) shows equal firing times for thrusters 2 and 3.
VI. Long term effects
During previous analyses of contamination of the payload by thruster firing it was always assumed that fuel droplets staying on the nozzles give the main contribution to the contamination of the payload. 6 In Ref. 6 the authors describe a detection limit of 8 ng cm -2 . As the used quartz crystal microbalance system allows accumulation of the contamination over time, a direct comparison to COPS, measuring a particle density, is not possible. To give an impression of the detection limit of COPS we have calculated the corresponding mass of the exhaust in the ionization volume of the nude gauge at a pressure of 1×10 -6 mbar, m ex = 9.5 pg. Please note that the lower limit for the pressure measurement is around 2-3×10 -11 mbar, therefore the mass detection limit will be again four orders of magnitude lower. The measurements by COPS made it very clear that the pressure in the vicinity of the payload increases by several orders of magnitude during thruster firing not due to droplets but to the expanding exhaust gas even for payload which is outside the 180° cone of the nozzle direction. These pressure peaks are potentially harmful for all payload which use high voltages. The decrease of the pressure at the end of the firing has two components, shown in Fig. 11 : a fast component similar to the increase which reflects the exhaust gas pressure and a slow decrease. Even at the end of the measurement period (more than one hour after the thruster firing) the reported pressure is still almost 50% above the Rosetta background pressure. This slow decrease could be indeed due to droplets. 
VII. Conclusions
It has been shown that at the location of the COPS sensor the pressure during thruster firing can be well above 10 -5 mbar. Because scientific payload instruments very often have high voltages up to several kV in a very confined space such a high pressure at the location of the payload can, in the worst case, lead to high voltage discharges which may damage the payload. It is therefore mandatory to prevent damage to the payload by operational means (switching off the high voltages prior to thruster firing even in case of emergency thruster firing). In the long term, the effect of thruster plumes can additionally lead to a contamination of surfaces by either direct deposition of thruster firing products on sensitive, exposed payload surfaces (e.g. mirrors) or by reevaporisation from the MLI or the solar panels. Such effects can only be avoided by using covers.
